Objective-To establish and validate early noninvasive imaging of matrix metalloproteinase (MMP) activation for monitoring the progression of vascular remodeling and response to dietary modification. Methods and Results-Apolipoprotein E Ϫ/Ϫ mice that were fed a high-fat diet underwent left common carotid artery wire injury. One week after surgery, a group of animals were withdrawn from the high-fat diet. The other group of animals continued that diet throughout the study. Micro single-photon emission computed tomographic (microSPECT)/CT imaging with RP805 (a 99m Tc-labeled tracer targeting activated MMPs) was repeatedly performed at 2 and 4 weeks after surgery. Histological analysis at 4 weeks showed significant left carotid neointima formation, monocyte/macrophage infiltration, and upregulation of several MMPs, which were ameliorated by withdrawal from the high-fat diet. In vivo microSPECT/CT images visualized significant RP805 uptake, reflecting MMP activation, in the injured carotid arteries. MMP activation was reduced as early as 1 week after withdrawal from the high-fat diet and significantly correlated with neointimal area at 4 weeks after surgery. Key Words: carotid arteries Ⅲ imaging agents Ⅲ metalloproteinases Ⅲ vascular biology D espite recent preventive, diagnostic, and therapeutic advances, cardiovascular diseases remain a major cause of mortality worldwide. Vascular remodeling (ie, changes in the vessel wall geometry and structure) contributes to the pathogenesis of many vascular diseases, including atherosclerosis, postangioplasty restenosis, and aneurysm. Several preventive and therapeutic measures (eg, smoking cessation and hypertension and hyperlipidemia control) aim at changing the natural course of vascular remodeling. 1 Early monitoring of the effects of these measures may potentially enhance their effectiveness by providing the opportunity to personalize interventions. Conventional imaging modalities (eg, angiography, MRI, and perfusion imaging) provide valuable anatomic and physiological information for patient care. However, they cannot detect early biological processes that precede the development of advanced vascular diseases. Molecular imaging is a potentially powerful strategy for early detection of vascular remodeling that may also help predict the natural course of the disease and its response to therapy.
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Matrix metalloproteinases (MMPs) contribute to a variety of physiological and pathological processes, including wound healing, inflammation, angiogenesis, cancer metastasis, and vascular remodeling. 2, 3 MMP activity is delicately controlled at transcriptional and posttranscriptional (activation) levels and by the presence of inhibitors, such as tissue inhibitors of MMPs. 4, 5 Several MMPs, including MMP-2 and MMP-9, are upregulated in remodeling arteries and play key roles in the remodeling process. 2 The recent development of indium 111-labeled RP782 and its homologue, 99m Tc-labeled RP805, which specifically target the MMP activation epitope, have provided an opportunity to image and quantify MMP activation by scintigraphic imaging in vivo for cardiovascular pathological conditions. 6, 7 By using this approach, it was shown that MMP activation is enhanced in the remodeling left ventricle after myocardial infarction. 6 Previously, it was reported that MMPs are activated after wire injury in carotid arteries of apolipoprotein E (apoE)-deficient mice and that their activation can be detected and quantified by MMPtargeted micro single-photon emission computed tomographic (SPECT)/CT imaging in vivo. 7 Herein, we extend the scope of those findings to demonstrate that MMP activation in injured arteries, detected by molecular imaging using RP805, is reduced as early as 1 week after a potential therapeutic intervention (ie, a dietary modification) and can track and predict the effect of this intervention on vascular remodeling at a later point. Interestingly, there is a correlation between the presence of macrophages and MMP-2, MMP-3, MMP-12, and MMP-13, but not MMP-9, expression in remodeled arteries.
Methods

Animal Model
Animal experiments were performed according to regulations of Yale University (New Haven, Conn) and VA Connecticut Healthcare System (West Haven) Animal Care and Use Committees. Left common carotid artery remodeling was induced in apoE Ϫ/Ϫ mice, as previously described. 7 In brief, 8-to 10-week-old female apoE Ϫ/Ϫ mice (Jackson Laboratory, Bar Harbor, Me) were fed a high-fat diet (TD 88137, 21% anhydrous fat by weight). One week later, animals were anesthetized via intraperitoneal administrations of ketamine (100 mg/kg) and xylazine (10 mg/kg). Common and external carotid arteries were exposed by blunt-end dissection, and the left common carotid artery was injured by 3 passes of a 0.036-cm guide wire introduced through the external carotid artery. Right carotid arteries underwent sham operation and served as controls. Postoperative analgesia was achieved by adding ibuprofen (0.11 mg/mL) to drinking water for 3 days. One week after surgery, a group of animals was withdrawn from the high-fat diet (withdrawal group). The other group was continuously fed with the high-fat diet.
MicroSPECT/CT Imaging
RP805, a 99m Tc-labeled tracer with specific binding to the activated catalytic domain of several MMPs. 6 It is a macrocyclic compound developed on the basis of the structures of known MMP inhibitors and has an MMP-binding portion similar to indium 111-labeled RP782. 6 Its specificity for MMP-2 was demonstrated using several known MMP inhibitors. 6 The inhibition constant values of the precursor for various activated MMPs are reported as follows (in nmol/L): MMP-2 10.5, MMP-3 14, MMP-7 Ͻ6.4, MMP-9 7.4, MMP-12 Ͻ6, and MMP-13 7.3. 6 Animals (nϭ7 in each group) were serially imaged at 2 and 4 weeks after carotid injury (1 and 3 weeks after dietary modification, respectively) using a high-resolution small animal imaging system (X-SPECT) with low-energy 1-mm pinhole collimators 2 hours after intravenous (right jugular vein) administrations of RP805 (provided by Lantheus Medical Imaging) ([meanϮSEM] 40.8Ϯ1.3 MBq). Images could not be obtained from 2 animals in the high-fat diet group that died during the second imaging. Anesthetized mice (under isoflurane) were placed in a fixed position on the animal bed. Three point sources of known activities (37 to 185 kBq) were placed in the field of view to verify the accuracy of image fusion. MicroSPECT images were acquired using the following parameters: 360°; 128 projections; 30 s per projection (approximately 80-minute image acquisition); matrix, 82ϫ82; and 140-keV photopeak Ϯ a 10% window. The diameter of the effective field of view at 4.5-cm radius of rotation was approximately 5 cm. 8 The spatial resolution in tomographic images with a 1-mm pinhole collimator for 99m Tc was 1.1 to 1.2 mm full-width half-maximum, and the pixel size for the detector was 1.5 mm, with images magnified 1.3-fold at this radius of rotation. 8 After the completion of microSPECT images, the animals were injected with Fenestra (1,3-Bis-[7-(3-amino-2,4,6-triiodophenyl)-heptanoyl]-2-oleoyl glycerol [HODG]) (200 L) and CT imaging was performed (energy, 75 kVp/280 A; matrix, 512ϫ512) to identify anatomic structures. Compared with the microSPECT system, the CT system has a larger field of view, with a spatial resolution of approximately 50 m. MicroSPECT images were reconstructed by iterative reconstruction using system software (X-Flex) developed by the manufacturer. CT projection images were reconstructed with commercial software (Cobra) that implements a cone-beam reconstruction algorithm. Reconstructed microSPECT images were reoriented according to the CT anatomic images, fused, and exported in the Interfile format for further processing with a medical imaging data examiner. For measurement analysis of tracer uptake, cylindrical regions of interest (2ϫ2ϫ2 mm) were drawn at the level of carotid artery bifurcation. A region of interest immediately posterior to both carotids (2ϫ2ϫ2 mm) served as background. Background-corrected values were used to compare tracer uptake of the vessels. The residual blood pool activity was measured in regions of interest drawn over the heart.
Histological and Morphometric Analysis, Immunofluorescent Staining, and Zymography
After the last imaging experiments, carotid arteries were harvested and embedded in optimal cutting temperature compound for histomorphometric analysis. Hematoxylin-eosin staining was performed on 5-m-thick cryostat sections following standard protocols. Morphometric measurements were performed using computer software (ImageJ), as previously described. 9 Immunostaining was performed according to standard protocols using the following primary antibodies: anti-mouse MMP-2, MMP-3, MMP-9, MMP-12, and MMP-13 (Santa Cruz); and anti-mouse macrophage (F4/80; Abcam, Cambridge, Mass). Isotype-matched antibodies served as negative controls. Cy3-conjugated secondary antibodies were used to detect MMP expression. F4/80 was detected with biotin-labeled goat anti-rat IgG (Kirkegaard & Perry Laboratories, Gaithersburg, Md), followed by streptavidin (Alexa 594; Invitrogen, Carlsbad, Calif). Nuclei were counterstained with 4Ј,6-diamidino-2-phenylindole. In situ gelatinase zymography was performed using a commercially available kit (Enz-Check Gelatinase Assay Kit). In brief, 5-mm-thick frozen sections were incubated with buffer in the presence or absence of MMP inhibitor (10-mmol/L 1,10-phenanthroline) for 15 minutes at 37°C. Next, DQ gelatin solution (0.1 mg/mL in 1% low-melt agar in PBS) and 4Ј,6-diamidino-2-phenylindole were added, and the sections were incubated at 37°C for 60 minutes. The slides were photographed using a fluorescent microscope equipped with a digital camera.
Quantitative RT-PCR
Total RNA was isolated from carotid arteries using a kit (Absolutely RNA Nanoprep Kit) and reverse transcribed using a different kit (QuantiTect Reverse Transcription Kit), according to the manufacturers' instructions. Quantitative RT-PCR (qRT-PCR) was performed on cDNA in triplicate using gene expression assays (Taqman) and a real-time PCR system (model 7500). The specificity of PCR amplification was confirmed by running PCR products on agarose gels. The results were normalized to GAPDH. Two samples that could not be used because of technical issues and outliers were excluded from qRT-PCR analysis. The following primer sets were used: MMP-2, Mm00439506_m1; MMP-3, Mm00440295_m1; MMP-9, Mm00442991_m1; MMP-12, Mm00500554_m1; MMP-13, Mm01168713_m1; CD68, Mm00839636_g1; epidermal growth factor module-containing mucinlike receptor 1 (EMR1), Mm00802529_m1; and GAPDH, Mm99999915_g1.
Statistical Analysis
Data are expressed as meanϮSEM. ANOVA, followed by the Tukey post hoc test, was used to compare the mean values for multiple groups. A paired t test was used to examine the statistical significance of the differences in tracer uptake of individual animals at 2 and 4 weeks after surgery. Pearson correlation analysis was performed to examine the correlation between pairs of parameters. PϽ0.05 was considered statistically significant.
Results
Dietary Modification and MMP Activation in Carotid Artery Remodeling
Previously, it was reported that mechanical injury to carotid arteries in apoE Ϫ/Ϫ mice fed a high-fat diet leads to significant expansive remodeling and neointima formation over 4 weeks. 7 This remodeling process is associated with enhanced MMP activation and can be noninvasively detected by MMPtargeted microSPECT imaging in vivo. 7 To investigate the effect of dietary modification on injury-induced MMP activation, a group of high-fat-fed apoE Ϫ/Ϫ mice were placed on a normal chow diet starting 1 week after left common carotid artery mechanical injury (withdrawal group, Figure 1A) . The high-fat diet was continued in another group of animals (high-fat diet group). One week later (2 weeks after left carotid injury), microSPECT/CT imaging with RP805, a 99m Tc-labeled tracer with specificity for activated MMPs, 6 showed focal uptake of RP805 in the injured left carotid artery ( Figure 1B ). This signal appeared less intense in the withdrawal group. Quantification of in vivo RP805 uptake demonstrated a significant increase in background-corrected RP805 uptake in injured left, compared with sham-operated on, right carotid arteries in both groups of animals ( Figure 1C ). RP805 uptake in the injured left carotid artery was significantly reduced in the withdrawal group (high-fat diet versus withdrawal group, 0.43Ϯ0.03 versus 0.30Ϯ0.05 counts/voxel/MBq injected; PϽ0.05; Figure 1C ). The residual blood pool activity measured in a region of interest drawn over the heart was similar between the high-fat diet and withdrawal groups of animals (supplemental Figure I ; available online at http://atvb.ahajournals.org), indicating that the observed difference in carotid uptake is not secondary to different tracer clearance kinetics. Similar results were obtained on repeat microSPECT/CT imaging in the same animals at 4 weeks after injury (3 weeks after dietary modification, Figure 1D ). Furthermore, repeat RP805 microSPECT/CT imaging showed the persistence of left carotid tracer uptake in animals fed a high-fat diet (0.43Ϯ0.03 counts/ voxel/MBq injected at 2 weeks versus 0.39Ϯ0.06 counts/voxel/ MBq injected at 4 weeks; Pϭ0. 22) . Withdrawal from the high-fat diet led to a significant reduction in left carotid RP805 uptake on repeat images (0.30Ϯ0.05 counts/voxel/MBq injected at 2 weeks versus 0.21Ϯ0.04 counts/voxel/MBq injected at 4 weeks; PϽ0.05). There was also a statistically nonsignificant trend toward reduction in right carotid artery RP805 uptake after withdrawal from the high-fat diet.
Effect of Dietary Modification on Indexes of Remodeling and Inflammation
Withdrawal from the high-fat diet led to significant reduction in nonfasting plasma total cholesterol level (high-fat diet versus withdrawal group, 1926Ϯ109 versus 729Ϯ60 mg/dL; PϽ0.001). As expected, left carotid artery injury in animals fed with the high-fat diet resulted in remarkable neointima formation and expansive remodeling of the vessels over 4 weeks (Figure 2A ). Early withdrawal from the high-fat diet after injury significantly ameliorated the remodeling process, with the neointimal crosssectional area decreasing from 0.076Ϯ0.010 mm 2 in the high-fat diet group to 0.041Ϯ0.010 mm 2 in the withdrawal group (PϽ0.05, Figure 2A and 2B). There was also a trend toward reduction in the total vessel area that did not reach statistical significance. Monocyte-derived macrophages are important sources of MMP production in the vessel wall, 2 and the enhanced monocyte-macrophage recruitment associated with hyperlipidemia may be, at least in part, responsible for the exaggerated vascular remodeling in animals fed with a high-fat diet. As expected, F4/80 immunostaining demonstrated the presence of macrophages in remodeled arteries (supplemental Figure II) . We investigated the effect of dietary modification on monocyte-macrophage recruitment by qRT-PCR. CD68, a routinely used marker, reflects the presence of phagocytic activity and can be induced by cholesterol loading in VSMCs. 10 EMR1 (F4/80 antigen) is a more specific marker of mouse macrophages. 11 There was a strong correlation between CD68 and EMR1 expression quantified by qRT-PCR in the injured and sham-operated on carotid arteries (Rϭ0.83, PϽ0.001). GAPDH-normalized expression of both CD68 and EMR1 was significantly increased in injured left carotid arteries compared with sham-operated on right carotid arteries in high-fat-fed animals (PϽ0.01, Figure 2C and 2D). Early withdrawal from the high-fat diet was associated with 42% and 52% (albeit not statistically significant) reductions in CD68 and EMR1, respectively, in injured left carotid arteries ( Figure 2C and 2D ).
MMP Expression in Injury-Induced Vascular Remodeling
Next, we investigated the expression of several MMP targets of RP805 in sham-operated on and remodeling arteries at 4 weeks after carotid injury. In sham-operated on right carotid arteries of high-fat-fed mice, expression levels of MMP-2 (mainly in the adventitia), MMP-9 (mainly in the media), and MMP-12 (in both the media and adventitia) were readily detectable, whereas little MMP-3 and MMP-13 could be detected by immunostaining ( Figure 3A) . In remodeling arteries, MMP-2, MMP-3, MMP-9, MMP-12, and MMP-13 were diffusely expressed and predominantly localized in the neointima and media ( Figure 3A ). This diffuse expression prohibited the accurate colocalization of MMPs with specific cells in the vessel wall. Similar results were obtained in the withdrawal group (supplemental Figure IIIA) . MMP activity of carotid arteries was assessed by in situ gelatinase zymography at 4 weeks after surgery ( Figure 3B ). In the high-fat diet group of animals, protease activity was present in a diffuse pattern in the neointima and media of the injured carotid arteries, whereas minimal activity was detected in the adventitia. The protease activity was markedly lower in the sham-operated on arteries. The MMP specificity of protease activity was demonstrated in the presence of an MMP inhibitor, 1,10-phenanthroline. A similar pattern of protease activity was detected in the withdrawal group (supplemental Figure IIIB) .
Considering the nonquantitative nature of immunostainings and in situ zymography, the effect of dietary modification on MMP expression in vascular remodeling was further assessed with qRT-PCR. In animals fed with the high-fat diet, GAPDH-normalized mRNA expression of MMP-2, MMP-3, MMP-12, and MMP-13 was significantly higher in remodeling carotid arteries compared with the sham-operated on vessels (Figure 4) . Only MMP-12 remained significantly higher in the injured artery in the withdrawal group. Withdrawal from the high-fat diet was associated with a significant decrease in MMP-2, MMP-3, and MMP-13 expression levels in injured arteries (Figure 4) . Consistent with the role of monocytes-macrophages as major sources of MMP production in vascular remodeling, there were significant correlations between CD68 and EMR1 with MMP-2, MMP-3, MMP-12, and MMP-13 mRNA expression levels in the vessel wall (supplemental Table) . RP805 uptake (reflecting global MMP activation) in carotid arteries at 4 weeks after injury significantly correlated with MMP-2, MMP-3, MMP-13, CD68, and EMR1 mRNA expression levels (Table) .
MMP Activation and Prediction of Outcome in Vascular Remodeling
Early MMP activation can potentially predict the course of vascular remodeling and response to dietary modification in individuals. Therefore, we investigated whether there is a correlation between MMP activation, assessed by RP805 imaging at 2 weeks, and indexes of remodeling at 4 weeks after injury. We found a strong correlation between backgroundcorrected RP805 uptake of injured carotid arteries at 2 weeks and neointimal cross-sectional area at 4 weeks after injury (Rϭ0.79, PϽ0.001; Figure 5 ), indicating that early assessment of MMP activation by molecular imaging can predict the outcome in vascular remodeling.
Discussion
The feasibility of detection and quantification of MMP activation by molecular imaging was previously demonstrated in animal models of vascular remodeling. 7, [12] [13] [14] [15] [16] In this study, we used noninvasive molecular imaging of MMP activation to obtain quantitative in vivo information on the course of injury-induced vascular remodeling and response to dietary modification.
MMPs are a group of more than 20 zinc-dependant endopeptidases that, through their proteolytic activity, play an important role in extracellular matrix remodeling. 2 Most MMPs are secreted as inactive proenzymes, and their activity is delicately regulated by proteolytic cleavage of proenzymes and the expression of a group of natural inhibitors known as tissue inhibitors of MMPs. 2, 5 Upregulation and activation of MMPs, in particular gelatinases (MMP-2 and MMP-9), by vascular smooth muscle and endothelial and inflammatory cells are key pathological processes in many cardiovascular diseases, including atherosclerosis, 17 aneurysm, 18, 19 and ventricular remodeling. 20, 21 Herein, we demonstrate that mechanical injury of the carotid artery results in upregulation of several MMPs, including gelatinase (MMP-2), collagenase (MMP-13), stromelysin (MMP-3), and metalloelastase (MMP-12) MMPs. Although MMP-9 clearly plays an important role in the pathogenesis of vascular remodeling, 19, 22, 23 we did not detect any change in GAPDH-normalized MMP-9 mRNA expression. Our finding is consistent with a previous report 24 that MMP-9 activity returns to the baseline level within 2 weeks after mechanical injury of arteries. MMP-2, MMP-3, and MMP-13 expression levels at 4 weeks correlated well with infiltration of macrophages in the vessel wall, suggesting that they play a persistent role in the remodeling process. Although much of MMP expression and activity Figure 5 . Correlation between left carotid RP805 uptake on in vivo microSPECT/CT images at 2 weeks after injury and neointimal cross-sectional area in the same arteries at 4 weeks after injury.
were detected in the neointima and media of injured arteries, adventitial inflammation plays an important role in the pathogenesis of atherosclerosis and vascular remodeling 25 and probably contributes to the increased uptake of the injured vessels. Several therapeutic interventions have aimed at reducing inflammation and ameliorating the imbalanced MMP activity in cardiovascular disease. Several pharmacological MMP inhibitors have been developed and evaluated, with limited success, in preclinical and clinical trials. 26, 27 Lipid reduction, whether through dietary modification or pharmacological intervention, is a cornerstone of modern preventive and therapeutic approaches to vascular diseases. 1 Little is known about the effect of dietary modification on vessel wall biological features. Although the small size of murine carotid arteries precluded the measurement of MMP protein levels or assessment of MMP activity by gel zymography, we show that mRNA expression of members of different classes of MMPs, including MMP-2, MMP-3, and MMP-13 (but not MMP-9 or MMP-12), is significantly reduced by withdrawal from a high-fat diet in remodeling arteries. The selective nonreversal of the effect of dietary modification on MMP-12 expression induced by mechanical injury in the vessel wall is an intriguing unexpected finding. This nonreversal may reflect some form of ongoing changes in the structure or composition of arteries (eg, healing) in these animals.
Targeting individual members of the MMP family, especially highly retained members (eg, MMP-3 and MMP-7), is an intriguing and potentially promising molecular imaging approach to vascular remodeling. In the absence of tracers targeting specific members, targeted imaging of MMP proteolytic activity, rather than merely their abundance, in the vessel wall and elsewhere has been successfully performed using activatable near-infrared fluorescent or multimodality probes 28 -31 and radiotracers targeted at the exposed catalytic site of activated MMPs (eg, 99m Tc-labeled RP805). 7, 12, 13, 32 Although noninvasive application of optical imaging is potentially limited by the restricted depth of penetration of light photons, this is not a limitation for scintigraphic imaging of activation of MMPs with this family of radiotracers that has shown promising results in a variety of cardiovascular diseases, such as postmyocardial infarction remodeling 6 and atherosclerosis. 12, 13 The uptake specificity of RP782 and RP805 was previously demonstrated using an excess of nonlabeled precursor and a specific MMP inhibitor that inhibited tracer uptake in remodeling arteries. 7, [12] [13] [14] [15] [16] The effect of dietary modification on MMP activation at 1 month was previously demonstrated by ex vivo ␥-well counting in a rabbit model of atherosclerosis. 12 However, the ex vivo nature of the quantification method precluded the possibility of serial assessment of MMP activation in the same animal. By using high-resolution microSPECT imaging, followed by CT angiography, it was previously shown that MMP tracer uptake in injured carotid arteries could be clearly visualized and distinguished from uptake in surrounding tissues and surgical wounds. Quantification of uptake in vivo may be affected by several factors, including partial volume and scatter 33 ; and these effects may be more prominent in areas of lesser uptake. However, it was previously shown that using this approach the tracer uptake quantified on in vivo images parallels the uptake quantified by autoradiography, including in noninjured arteries that have lower activity. 7 A previous study 7 also demonstrated a strong correlation between tracer uptake and MMP activity quantified by zymography. Herein, we optimized this approach to evaluate the early response to a therapeutic or preventive measure and correlate it with the outcome by serial imaging in the same animal. We show that, as early as 1 week after withdrawal from the high-fat diet, MMP activation in injured carotid arteries is significantly reduced compared with animals who continued the high-fat diet. This would indicate that changes in MMP activation occur rather soon after dietary modification. The dietary modification-induced reduction in MMP activation continues throughout the follow-up, whereas MMP activation remains constantly elevated in animals fed with the high-fat diet.
In addition to tracking the effect of an intervention in a group of subjects, molecular imaging provided an opportunity to establish whether early MMP activation in individual subjects can provide information on the ultimate course of vascular remodeling. Although ex vivo quantification of MMPtargeted tracer uptake was previously shown to correlate with atherosclerotic plaque inflammation and gelatinase expression on cross-sectional studies, 12, 13 we demonstrate herein that early quantification of MMP activation detected by in vivo microSPECT imaging (2 weeks after surgery) strongly correlates with late pathological outcome (4 weeks after surgery), manifested as neointima formation. This implies that MMP activation may reflect, and be targeted to evaluate, the inflammatory status of the vessel wall. Thus, if validated in humans, MMP-targeted imaging may provide a unique tool for tracking the underlying pathological processes and help personalize preventive and therapeutic interventions in vascular remodeling.
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